protogranular, Cr-diopside-bearing harzburgite; (2) poikilitic, Studies of upper-mantle xenoliths in alkali basalts, Mg-augite-bearing harzburgite and cpx-poor lherzolite; (3) dunite kimberlites, lamproites and carbonatites have improved that contains clinopyroxene, spinel phlogopite, and rarely amphibole. our understanding of materials and processes involved Trace element data for rocks and minerals identify distinctive in the geochemical evolution of the mantle (e.g. Downes signatures for the different rock types and record upper-mantle & Dupuy, 1987; Ionov et al., 1993 ; Chalot-Prat processes. The harzburgites reflect an initial partial melting event & Boullier, 1997). The variation and magnitude of followed by metasomatism by mafic alkaline to carbonatitic melts. geochemical heterogeneities in the lithospheric mantle The dunites were first formed by reaction of a harzburgite protolith reflect the composition of mantle melts and fluids and with tholeiitic to transitional basaltic melts, and subsequently the efficiency of heat and mass transfer. Mantle plumes developed metasomatic assemblages of clinopyroxene + phlogopite are important for initiating such transfer processes. ± amphibole by reaction with lamprophyric or carbonatitic melts. The Kerguelen plume is remarkable because of its We measured two-mineral partition coefficients and calculated volume, the persistence of volcanic activity for at least mineral-melt partition coefficients for 27 trace elements. In most 115 My, and its migration across diverse geotectonic samples, calculated budgets indicate that trace elements reside in environments through time as a result of spreading of the constituent minerals. Clinopyroxene is the major host for REE, the Indian Ocean (Weis et al., 1992) .
INTRODUCTION
distribution of trace elements in peridotites and concerning element partitioning between minerals under Mantle xenoliths provide unique information about the chemistry and mineralogy of deep lithospheric rock upper-mantle P-T conditions. Grégoire et al. (1997) , a, Ice caps; b, moraines; c, alkaline silica-oversaturated volcano-plutonic complexes; d, alkaline silica-undersaturated volcano-plutonic complexes; e, tholeiitic-transitional plutonic complexes; f, flood basalts of transitional to alkaline type. Squares indicate ultramafic and mafic xenolith outcrops: numbered open squares refer to sample locality (see Appendix Table A1 , for the naming of each outcrop); Ε, other xenolith outcrops. Inset: location of Kerguelen Islands. SWIR, South West Indian Ridge; SEIR, South East Indian Ridge. et al., 1994 Ridge. et al., , 1998 Mattielli et al., 1996) . We collected
GEOLOGICAL SETTING
xenoliths from 10 different localities in the archipelago The Kerguelen Islands are located in the oceanic domain (Fig. 1) . The xenoliths are subrounded in shape and of the Antarctic Plate (Fig. 1) . They are the exposed part range from 10 to 20 cm. They are Type I Kerguelen of the Kerguelen oceanic plateau, which is the second mantle xenoliths of Grégoire et al. (1997) . largest (25 × 10 6 km 3 ) after the Ontong Java plateau (Coffin & Eldhom, 1993) . The Kerguelen Islands drifted from a location near the South East Indian Ridge (SEIR) to their present-day intraplate setting. Their magmatic SAMPLING AND ANALYTICAL activity has extended over 45 My . There-
METHODS
fore, the Kerguelen Islands combine characteristics of both the Iceland and Hawaiian hotspots (Giret et al., ) from the central parts of xenoliths 1997). Magmatism has progressively changed from thole-were ground in an agate mill. Major and minor elements iitic to alkaline (Gautier et al., 1990; Weis et al., 1993) .
(Cr, Ni) in bulk rocks were analysed by X-ray fluorescence Ultramafic and mafic xenoliths from the Kerguelen spectrometry (XRF) at Macquarie University [see Islands are found in dykes, lava flows and breccia pipes O'Reilly & Griffin (1988) for methods]. The concentrations of 29 minor and trace elements [rare earth of the youngest and more alkaline basaltic rocks (Grégoire 0·50  0·90  0·80  1·05  1·50  1·40  1·25  1·20  0·80  0·70  0·45   MgO  46·05  44·40  44·80  43·90  43·40  44·15  44·20  42·80  45·15  42·60  45·50   FeO  7·40  7·45  7·20  8·15  7·80  7·65  7·45  10·40  11·95  12·15  11·90   MnO  0·09  0·12  0·12  0·10  0·11  0·12  0·11  0·13  0·15  0·16  0·13   CaO  0·65  0·70  0·75  0·70  0·95  0·85  0·80  1·30  0·35  0·50  0·40   Na 2 O  0·07  0·05  0·10  0·15  0·25  0·15  0·15  0·25  0·20  0·15  0·20   K 2 O  --0·01  0·01  0·07  0·05  0·09  0·02  0·01  0·01  0·02   P 2 O 5  ----0·04  0·03  0·05  0·03  0·02  0·01  0·01   H 2 O   +   0·65  1·60  0·95  0·95  0·65  0·45  1·10  0·40  0·60  1·75  0·65   H 2 O   -0·09  0·20  0·13  0·21  0·22  0·13  0·25  0·02  0·23  0·25  0·15   CO 2  0·20  0·09  0·10  0·13  0·05  0·06  0·10  0·09  0·07  2·25  0·85   Total  98·95  99·36  99·87  99·91  99·86  99·58  99·03  99·20  99·17  99·33  100·06   mg-no.  91·73  91·39  91·73  90·57  90·84  91·14  91·36  88·01  87·07  86·21  87·21 Phl, phlogopite; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel; am, amphibole. mg-number = 100Mg/(Mg + Fe total ) on an atomic basis.
is interstitial and locally concentrated in thin layers dunite samples, whereas amphibole has been observed in only one sample . (<0·5 mm) between olivine crystals. Clinopyroxene comMany samples display interstitial patches and/or veins monly contains exsolution lamellae of spinel. Phlogopite of fine-grained material with a complex mineralogy. In grains are commonly euhedral and interstitial but some harzburgite samples OB-93-3, OB-93-5, GM-92-501 and are found as inclusions in olivine. GM-92-502, this material consists of feldspar + olivine2 contains both amphibole and phlogopite. The amphibole + rutile + ilmenite + Cr-armalcolite + Cr-Ca-aris interstitial and commonly appears to have replaced malcolite + Ti-chromite. Other samples of harzburgite interstitial clinopyroxene. Samples MM-94-54, MM-94-and dunite display patches <50 m wide that consist of 97 and MM-94-101 contain numerous sulphide mineral clinopyroxene2 ± olivine2 ± amphibole ± biotite ± grains.
chromite ± ilmenite ± rutile ± feldspar ± carbonate Protogranular and poikilitic harzburgite samples con-± glass. Electron microprobe analyses show that comtain 67-84% olivine, 13-29% orthopyroxene, 1·5-5% positional effects of these assemblages on the original clinopyroxene and 0·5-1·5% spinel. Phlogopite (0·5%) is minerals of the host peridotite are restricted to the present in samples OB-93-3 and OB-93-5, and amphibole adjacent 50-100 m of host minerals. (0·5%) in sample OB-93-5. Poikilitic sample JGM-92-1c is the first true lherzolite reported from the Kerguelen Islands [according to Streckeisen's (1976) 
classification]. MAJOR ELEMENT COMPOSITION
It is poor in clinopyroxene (olivine 79%, orthopyroxene Whole-rock samples 13%, clinopyroxene 7%, spinel 1%) . Kerguelen dunites (olivine 94-97%) contain 1-3% of clinopyroxene and The protogranular and poikilitic harzburgites and clinopyroxene-poor lherzolite have similar major element 1-2% of spinel. Phlogopite (0·5-1·5%) is found in all contents, with CaO/Al 2 O 3 ratios that range from 0·60 harzburgite and lherzolite samples. The TiO 2 contents of spinel are smaller in protogranular harzburgite samples to 1·30 (Table 1 ). All are strongly depleted in 'basaltic' components (CaO <1·35 wt %; Al 2 O 3 <1·45 wt %; Na 2 O (<0·07 wt %) than in poikilitic harzburgite and lherzolite <0·25 wt %) compared with model compositions for the samples (0·20-2·80 wt %). undepleted upper mantle (CaO 3·23-3·60 wt %; Al 2 O 3 The amphibole in poikilitic harzburgite sample OB-4-4·46 wt %; Na 2 O 0·33-0·61 wt %, Jagoutz et al., 1979; 93- )] of 91·4-92, higher than that for primitive upper 93-3 and OB-93-5 displays high mg-numbers and Cr 2 O 3 mantle (89·8). The mg-numbers of poikilitic harzburgite contents (Table 2) . samples vary from 89·9 to 91·8, and poikilitic, clinopyroxene-poor lherzolite sample JGM-92-1c has an mgnumber of 88.
Dunite samples exhibit low CaO (0·24-0·53 wt %), Minerals in clinopyroxene + phlogopiteNa 2 O (0·15-0·21 wt %), Al 2 O 3 (0·44-0·82 wt %) and TiO 2 bearing dunite (0·04-0·07 wt %) contents, which suggest a refractory The mg-numbers of olivine in dunite samples range from character, but their mg-numbers (86-88·5) are lower than 86 to 90. These samples contain an Al-Cr diopside in those for both primitive mantle (89·8) and the harzburgite which mg-numbers range from 87·5 to 90 (Table 2) Table 2 ). The disseminated amtwo types of harzburgite. Olivine compositions are more phibole in sample MG-91-143 (mg-number 84·75) is uniform in protogranular harzburgites (mg-number = pargasite (Table 2) . 90·5-92) than in poikilitic peridotites (mg-number = 86-92). The lowest mg-number value is for olivine from lherzolite sample JGM-92-1c. Orthopyroxene displays a similar distribution. Clinopyroxene mg-numbers range
Equilibration temperatures
from 91·5 to 92·5 in protogranular harzburgite samples, Equilibration temperatures of clinopyroxene-bearing and from 87·5 to 92·5 in poikilitic ones (Table 2) .
harzburgite and clinopyroxene-poor lherzolite samples Orthopyroxene from poikilitic harzburgite samples is were estimated using two-pyroxene geothermometers typically richer in Na 2 O, Al 2 O 3 and TiO 2 than those of (Brey & Köhler, 1990a) , the Ca-in-orthopyroxene geprotogranular harzburgites (Table 2) .
othermometer (Brey & Köhler, 1990b) , orthopyroxeneClinopyroxene ranges in composition from diopside in spinel equilibria (Sachtleben & Seck, 1981) and protogranular harzburgite samples to magnesian augite olivine-spinel equilibria (Fabriès, 1979; Ballhaus et al. , in poikilitic harzburgites and lherzolite samples (Table  1991) . Core compositions of large grains in the harz-2). The mg-number of diopside is high and homogeneous burgites were used. Our goal was only to establish relative (93-95) for protogranular harzburgite, but shows a wider temperatures that are consistently estimated by all range and lower values (86-91·5) for harzburgite and methods. lherzolite samples that contain poikilitic Mg-augite. The
The majority of the mineral assemblages in the promg-number of clinopyroxene is systematically higher than togranular harzburgite samples re-equilibrated at T = those of olivine and orthopyroxene in protogranular 845-1005°C (Table 3 ). The range of equilibration temharzburgite samples. In contrast, the mg-number of the peratures is systematically higher for poikilitic harzburgite clinopyroxene from poikilitic, Mg-augite harzburgite and and cpx-poor lherzolite samples ( T = 1015-1135°C). lherzolite samples is lower than or equal to that of olivine The olivine-spinel and orthopyroxene-spinel geand orthopyroxene. The Mg-augite is richer in Al 2 O 3 , othermometers yield temperatures of 925-940°C for Na 2 O, TiO 2 and Cr 2 O 3 than is Cr-diopside from prosample GM-92-502. togranular harzburgite samples (Table 2) .
In samples of clinopyroxene + phlogopite-bearing Spinel grains are Mg-Al chromites that display mgdunite, the absence of orthopyroxene makes temperature numbers of [66] [67] [68] [69] [70] [71] [72] estimates less reliable. Olivine-spinel equilibria yield equiof 40-52 in protogranular harzburgite samples, and mgnumbers of 58-79 and cr-numbers of 20-49 in poikilitic libration temperatures of 940-1090°C (Table 3) . 5  5  3  2  1 2  7  5  3  9  1 3  6  2  6  1 8  9  4  2  3  8   SiO 2  53·80  56·95  41·00  0·07  53·65  56·85  41·00  0·03  54·00  56·95  41·25  0·04  53·05  55·70  40·55  0·09  52·00  55·15  40·70   TiO 2  -0·01  0·03  0·04  0·02  0·01  0·01  0·01  0·03  0·02  0·01  0·04  0·13  0·06  0·01  0·23  0·70  0·24  0·03   Al 2 O 3  1·81  1·89  0·01 28·45  2·01  2·13  0·02 31·15  2·25  2·14  0·01 28·10  3·56  2·89  0·15 30·50  5·00  3·68  0·03   Cr 2 O 3  0·78  0·48  0·04 39·90  0·76  0·54  0·02 38·19  0·96  0·59  0·02 41·10  1·24  0·73  0·04 36·20  1·35  0·74  0·03   NiO  0·07  0·12  0·44  0·30  0·08  0·12  0·41  0·18  0·06  0·09  0·39  0·18  0·05  0·12  0·41  0·21  0·03  0·11  0·40   MgO  18·10  35·05  50·60 16·45  17·55  34·55  50·25 16·50  17·75  34·60  50·65 16·15  17·65  33·40  49·20 
cr-no. 
poor lherzolite
Sc is concentrated in clinopyroxene (45-73 ppm) and The harzburgites and the clinopyroxene-poor lherzolite amphibole (47 ppm) (Tables 8 and 9 ). show very similar bulk-rock transition element contents (Table 4) . They are samples richer in Ni and Co, and poorer in Sc and V than the postulated primitive upper Transition trace elements in clinopyroxene mantle (Table 4; McDonough & Sun, 1995) .
+ phlogopite-bearing dunite
Olivine (Table 5 ) and spinel (Table 6 ) from protogranular harzburgite samples are respectively poorer Dunites have bulk-rock Ni, Sc and V contents similar to in Cr and Ni than those from poikilitic harzburgite and those of harzburgites; the two samples rich in sulphides lherzolite samples. Ca and Al contents of olivine are (MM-94-51 and MM-94-101) are higher in Cu (Table  greater and vary more widely in poikilitic than in pro-4). Clinopyroxene grains in dunite are richer in Sc than togranular harzburgite samples (Table 5 ). Orthopyroxene those of harzburgites (Table 8) . Olivine (Table 5 ) from shows the most marked difference in composition between dunites displays the same Cr contents as those from the two textural types. Sc is higher and Co and Ni are protogranular harzburgite. Its Ca and Al contents vary commonly lower in protogranular harzburgite samples in a range, which approximately covers those of the two than in poikilitic peridotite samples (Table 7) . There is types of harzburgites. Ni/Co ratios of dunitic olivine no systematic difference in the transition trace element range from 12·3 to 19·85, and are typically below the content of the Cr-diopside occurring in the protogranular primitive mantle value of 18 (McDonough & Sun, 1995) and lower than those of the two types of harzburgites harzburgite samples and of the Mg-augites in the poikilitic Ta  0·001  0·003  0·010  0·058  0·167  0·079  0·124  0·045  0·023  0·036  0·034   Ti  9·12  23·3  97  107  1268  282  530  1112  318  358  326   Zr  0·089  0·413  1·190  3·791  10·34  12·33  11·34  8·68  2·455  2·544  3·580   La  0·013  0·033  0·151  0·669  2·728  1·332  3·283  1·266  0·113  0·409  0·366   Ce  0·016  0·065  0·288  1·217  4·688  3·607  6·365  2·633  0·358  0·808  0·788   Pr  0·002  0·008  0·034  0·133  0·517  0·484  0·717  0·406  0·058  0·098  0·100   Nd  0·007  0·032  0·131  0·471  1·857  2·118  2·567  1·943  0·279  0·379  0·411   Sm  0·001  0·007  0·028  0·076  0·360  0·473  0·446  0·521  0·073  0·072  0·093   Eu  0·001  0·002  0·009  0·023  0·106  0·146  0·127  0·166  0·023  0·024  0·029   Gd  0·001  0·005  0·028  0·072  0·359  0·463  0·398  0·564  0·071  0·066  0·100   Tb  0·001  0·001  0·005  0·010  0·054  0·068  0·056  0·083  0·010  0·010  0·016   Dy  0·001  0·006  0·027  0·051  0·279  0·371  0·287  0·458  0·054  0·056  0·086   Ho  0·001  0·002  0·007  0·010  0·052  0·075  0·055  0·089  0·011  0·011  0·018   Er  0·001  0·006  0·021  0·029  0·139  0·202  0·149  0·229  0·032  0·034  0·052   Yb  0·005  0·019  0·028  0·033  0·123  0·188  0·137  0·189  0·033  0·040  0·053   Lu  0·002  0·004  0·005  0·006  0·019  0·029  0·022  0·029  0·007  0·008  0·010   Y  0·011  0·038  0·156  0·289  1·328  1·767  1·772  2·080  0·230  0·268  0·420 Cr and Ni have been analysed by XRF and other elements by ICP-MS (see text for methods).
( 19·4-22) . Spinel in Kerguelen dunites is also rich in V, characteristics, but all are enriched in the more incompatible trace elements (Table 4 ; Figs 2 and 3). Both Co and Ni, and contains little Sc (Table 6 ). Phlogopite (Table 9 ) in amphibole-bearing dunite contains less Sc clinopyroxene grains and bulk-rock samples display Ushaped REE patterns in protogranular harzburgite and and V than in amphibole-free samples. Amphibole in the phlogopite-bearing sample ( 
HFSE, LILE)
depleted relative to the primitive mantle ( Fig. 4) . Dunite The two types of harzburgites and the lherzolite from samples display trace element patterns enriched in the more incompatible trace elements (Fig. 4 ). Olivine and Kerguelen have different incompatible trace element Ta  <0·04  <0·02  <0·01  0·01  <0·02  0·04  0·03  0·02  0·01  0·03  0·01  0·01   Ti  1·50  6·30  1·05  13·2  177  55·4  58·1  155  68·4  52·8  36·5  9·50   Zr  0·05  0·09  0·09  0·07  0·44  0·10  0·15  0·15  <0·25  0·27  <0·15  0·07   Hf  <0·12  <0·01  <0·01  0·02  0·05  <0·06  <0·13  0·02  <0·10  0·07  <0·06  0·03   La  <0·02  <0·04  0·03  <0·08  <0·09  <0·02  0·03  0·24  <0·02  0·03  0·03  0·04   Ce  <0·03  <0·05  0·02  <0·01  0·23  0·05  0·32  <0·70  <0·02  <0·01  0·03  0·03   Nd  <0·01  <0·06  <0·21  <0·41  0·10  <0·01  0·21  <0·47  <0·11  <0·13  <0·07  0·05   Sm  <0·01  <0·09  <0·14  <0·24  0·04  <0·10  <0·05  <0·07  <0·07  0·07  <0·08  <0·05   Eu  <0·03  <0·01  <0·03  <0·01  <0·03  <0·01  <0·06  <0·08  <0·03  0·02  <0·03  <0·05   Gd  <0·01  <0·09  <0·33  0·03  0·04  <0·06  0·02  <0·10  <0·10  <0·26  <0·08  0·05   Dy  <0·07  <0·18  <0·03  <0·23  <0·12  <0·18  <0·01  <0·01  <0·25  0·07  0·01  0·05   Ho  <0·03  <0·02  <0·04  <0·05  0·02  <0·04  0·01  <0·03  <0·02  <0·05  <0·03  0·01   Er  <0·08  <0·07  0·02  0·03  0·04  <0·06  0·02  <0·08  0·01  <0·08  0·01  0·03   Yb  <0·02  <0·15  <0·18  <0·03  <0·03  <0·02  0·02  <0·06  0·01  <0·17  0·02  0·03   Lu  <0·01  <0·01  <0·06  <0·01  <0·05  <0·02  0·01  <0·01  0·01  0·03  0·01  0·01   Y  0·01  <0·09  <0·01  <0·05  0·09  <0·14  0·39  <0·16  <0·02  <0·02  0·10  0·10 spinel from dunite typically have very low contents of (Tables 5-7) . Bulk-rock samples and clinopyroxene grains incompatible trace elements, most below detection limits of protogranular harzburgite display very uniform heavy (Tables 5 and 6 ). Spinel displays a large range of Ti REE (HREE) contents. Lu cpx and Lu bulk rock range from contents (Table 6 ). Some spinel grains may contain small 0·5 to 1·5 and from 0·03 to 0·08 times the primitive amounts of Zr (0·50-4 ppm) and Nb (0·25-1 ppm). Ti mantle value, respectively. Sample OB-93-67b shows the content of olivine ranges from 9·50 to 68·35 ppm. lowest La and Ce contents and the highest Yb and Lu contents, but all samples are richer in LREE than in middle REE (MREE) (Fig. 2) . Sample OB-93-426 disIncompatible trace elements in protogranular, clinopyroxene-plays the highest REE contents, in both clinopyroxene bearing harzburgite and the bulk rock. Clinopyroxene from protogranular harzburgite samples has pronounced depletion in Ba, Zr Incompatible trace element contents are commonly below detection limits for olivine, orthopyroxene and spinel and Ti, and enrichment in U and Pb (Fig. 2) Ta  <0·02  <0·01  <0·05  0·08  0·22  <0·01  <0·01  0·01  0·05  0·05  <0·01  0·06   Ti  115  183  360  1338  12906  3012  1700  10360  4843  5771  6655  2435   Zr  0·48  1·08  0·68  2·00  1·12  1·60  0·65  1·00  0·50  1·17  1·10  2·28   Hf  <0·02  <0·01  <0·40  <0·03  0·05  <0·09  0·01  0·08  0·10  0·23  <0·15  0·05   La  <0·01  <0·04  <0·03  <0·02  0·08  0·07  0·16  0·04  <0·03  <0·02  0·18  0·03   Ce  <0·01  0·05  0·07  <0·01  0·66  0·27  0·43  0·01  <0·40  0·02  0·39  <0·15   Nd  <0·11  <0·25  <0·50  <0·32  0·15  <0·60  0·39  <0·10  <0·20  <0·25  0·07  0·06   Sm  <0·07  <0·01  <0·02  <0·13  0·01  <0·12  <0·10  <0·03  <0·18  0·14  0·01  <0·20   Eu  <0·04  <0·06  0·02  <0·07  <0·02  <0·03  0·12  <0·04  <0·05  0·06  <0·01  0·05   Gd  <0·02  <0·10  <0·03  <0·20  0·19  <0·18  <0·13  <0·12  <0·01  <0·04  <0·34  0·04   Dy  <0·08  <0·07  <0·13  <0·15  <0·04  <0·20  0·18  <0·01  <0·15  <0·25  <0·05  0·05   Ho  <0·02  <0·06  <0·02  <0·12  0·03  <0·04  <0·06  <0·03  <0·03  <0·10  0·05  <0·01   Er  <0·04  <0·16  <0·14  <0·07  0·13  <0·01  0·12  <0·02  <0·20  <0·03  <0·08  0·06   Yb  <0·01  <0·03  <0·30  <0·06  0·03  <0·11  0·17  0·11  0·04  <0·11  0·04  <0·10   Lu  <0·01  <0·03  <0·05  <0·04  0·02  <0·02  0·02  0·01  <0·07  0·03  0·08  0·03   Y  0·03  0·11  0·10  <0·03  0·02  <0·11  <0·03  0·01  <0·15  <0·09  <0·01  0·02 n.d., not determined.
LREE-rich clinopyroxenes (samples OB-93-426 and OB-5). Spinel from sample OB-93-426 contains more Ti than those from the four other protogranular harzburgite 93-58) also show a significant depletion in Nb. Samples OB-93-426, BOB-93-666, OB-93-67b and OB-93-279 samples (Table 6 ). Spinel from protogranular harzburgite samples also has low Rb, Sr, Zr, Nb and Pb contents show a depletion in Sr. Bulk-rock trace element patterns display high enrichment in Pb and Sr and commonly an (Table 6 ). enrichment in Ti (Fig. 2) . Sample BOB-93-666 has high Rb and Ba contents. Orthopyroxene from protogranular
Incompatible trace elements in poikilitic clinopyroxene-bearing
harzburgite samples shows significant amounts of Ti and harzburgites and clinopyroxene-poor lherzolite around 1 ppm of Ga (Table 7) . Other incompatible trace element contents of orthopyroxene are very low but the Incompatible trace element (ITE) contents of poikilitic peridotites and their constituent minerals are much higher LREE content of orthopyroxene from sample OB-93-426 is higher than that of orthopyroxene from the other than those of protogranular samples (Tables 4-8, Figs 2 and 3). Olivine from poikilitic peridotite samples contains protogranular harzburgite samples (Table 7) . Olivine has low Ti contents and very low Zr and Pb contents (Table low amounts Zr  0·20  0·24  0·10  6·50  4·35  6·50  3·01  8·10   Hf  <0·11  0·01  0·02  0·08  0·15  0·28  0·11  0·35   La  <0·03  <0·05  0·03  0·07  0·09  0·14  0·14  0·08   Ce  <0·04  0·03  0·15  0·16  0·24  0·44  0·38  0·25   Nd  <0·15  <0·07  0·22  0·14  0·24  0·45  0·33  0·32   Sm  <0·09  <0·02  0·06  0·07  0·12  0·18  0·14  <0·15   Eu  <0·04  <0·02  0·02  0·03  0·04  0·08  0·06  0·05   Gd  <0·12  <0·02  0·06  <0·25  0·20  0·30  0·20  0·28   Dy  <0·12  <0·05  0·05  0·15  0·28  0·37  0·25  0·35   Ho  <0·04  <0·04  <0·01  0·04  0·07  0·09  0·04  0·09   Er  <0·02  <0·03  <0·11  <0·22  0·23  0·33  0·16  0·28   Yb  <0·08  0·02  0·06  0·14  0·30  0·43  0·18  0·35   Lu  0·01  <0·02  0·02  0·02  0·05  0·07  0·03  0·06   Y  <0·07  0·07  0·11  0·50  1·07  1·50  1·25  1·60 of poikilitic peridotite samples are richer in Ti than those Pb, Zr and Ti (see Fig. 3 for other samples). Orthopyroxene grains have lower REE contents than primof protogranular harzburgite samples. They contain low amounts of Rb, Sr, Zr and Nb (Table 6 ). The poikilitic, itive upper mantle and display LREE-depleted REE patterns (Fig. 3) . They are also relatively poor in Ba, Sr clinopyroxene-poor lherzolite contains clinopyroxene and orthopyroxene richer in Ti than those of poikilitic and Pb but rich in Zr and Ti. However, orthopyroxene from samples OB-93-3 and OB-93-22 is poor in Ti, harzburgite samples (Tables 7 and 8) .
REE compositions of both bulk rock and minerals are and that from sample OB-93-5 is poor in Zr (Fig. 3) . Phlogopite from samples OB-93-5 and OB-93-3 displays very uniform (Figs 3 and 5) . Clinopyroxene is poor in Ba, Nb, Pb, Sr, Zr and Ti (Fig. 3) .The bulk rocks are REE contents lower than those of the primitive mantle ( Fig. 5 and Table 9 ). The phlogopite grains are rich in uniformly poor in Ba but not in Nb, Pb, Sr, Zr and Ti (Fig. 3) . For example, the anhydrous sample GM-92-501 Rb, Ba, Nb and Ta, and contain significant amounts of Sr, Ti, Pb, Zr and Hf, but are poor in Th, U and Y shows no depletion in Nb and Pb, depletion in Sr and Zr, and enrichment in Ti (Fig. 3) . On the other hand, (Table 9 ). Amphibole from sample OB-93-5 displays high ITE contents and LREE-enriched patterns, but is the amphibole + phlogopite-bearing sample OB-93-5 displays no depletion in Nb and Sr but it is depleted in poor in U, Ta, Pb, Zr and Hf (Fig. 5) . Hf  <0·05  <0·10  <0·12  1·06  1·35  7·92  3·49  5·50  4·55  1·38  5·54  1·03   La  0·85  0·34  1·20  18·3  8·7  17·8  28·6  14·3  8·8  11·4  14·2  62·0   Ce  1·00  0·75  0·71  34·0  20·3  65·4  81·9  38·0  29·3  23·6  34·0  151   Pr  0·11  0·09  0·25  4·20  2·79  11·3  11·2  5·80  4·90  2·97  4·54  n.d.   Nd  0·47  0·37  0·96  12·5  14·6  58  54  30  25  12·9  21  67   Sm  0·10  0·07  0·26  1·7  3·2  12·8  9·9  8·0  6·3  2·2  4·9  12·0   Eu  0·03  0·02  0·09  0·45  1·04  4·0  2·9  2·6  2·0  0·76  1·6  3·9   Gd  0·10  0·09  0·28  1·44  3·4  12·0  8·1  8·5  5·9  2·30  5·60  8·76   Tb  0·02  0·02  0·05  0·17  0·43  1·58  1·16  1·24  0·85  0·33  0·78  n.d.   Dy  0·11  0·13  0·36  0·70  2·7  8·9  6·2  6·8  4·6  1·80  4·98  6·54   Ho  <0·02  0·04  0·08  0·08  0·47  1·60  1·00  1·25  0·82  0·38  1·05  1·19   Er  0·10  0·16  0·27  0·32  1·05  3·94  2·43  2·96  2·01  1·09  2·55  2·86   Yb  0·23  0·32  0·40  0·23  0·86  2·65  1·81  2·16  1·51  1·02  1·93  2·59   Lu  0·07  0·10  0·09  0·06  0·10  0·34  0·24  0·30  0·20  0·16  0·26  0·38   Y  0·23  0·53  1·90  4·00  12·0  36·5  26·7  27·5  19·0  10·5  24·9  31·1 n.d., not determined.
the poikilitic harzburgite (Fig. 4) . Samples BOB-93-
Incompatible trace elements in clinopyroxene + phlogopite-

640.1, MM-94-54, MM-94-97 and MM-94-101 contain bearing dunites
clinopyroxene that is poor in Nb and Zr and of Phlogopite-bearing, amphibole-free dunite samples have variable Sr contents. Clinopyroxene from sample GMuniform REE and trace element bulk-rock contents.
92-480 is poor in the most incompatible elements (Rb, They display LREE-rich or upward convex REE Ba, Th, U and Nb) and in Zr (Fig. 4) . Clinopyroxene patterns, and are rich in Ti and Pb, and poor in Zr from sample GM-92-468 is the richest in moderately (Fig. 4) . Sample MM-94-54 is rich in Th, U and Sr.
incompatible trace elements (from Sr to Lu, Fig. 4 ). Sample GM-92-480 is rich in Sr, Rb, Ba, Nb and Ta It is also rich in Hf and poor in Sr. Phlogopite grains (Fig. 4) . Clinopyroxene grains in this suite display from this suite resemble counterparts from poikilitic LREE-rich or upward convex REE patterns, are poor harzburgite (Fig. 5) . Both are rich in Rb, Ba, Nb, and in Pb and Ti, but otherwise have incompatible trace element patterns similar to those of clinopyroxene from Ta, and poor in Th, U and REE (Table 9 , Fig. 5 ). Clinopyroxene and amphibole from amphibole-and residues of high degrees of partial melting. Bulk-rock phlogopite-bearing dunite sample MG-91-143 display compositions rich in MgO, Ni and Co and poor in CaO, similar REE contents and LREE-rich REE patterns (Figs Al 2 O 3 , Na 2 O, Sc and V result from the preferential 4 and 5). Clinopyroxene is poorer in Rb, Ba, Nb, Ta, melting of clinopyroxene and spinel and retention of Ti, Zr and Hf than amphibole. Phlogopite grains (Fig. olivine and orthopyroxene (Mysen & Kushiro, 1977; 5) contain less Ti, Nb, Ta, Zr and Hf, and more Rb, Pb Presnall et al., 1978; Kostopoulos, 1991) . The high mgand U than those found in amphibole-free dunite and numbers of the bulk rocks, olivine and pyroxenes, along poikilitic harzburgite samples.
with low and uniform HREE content, imply that a significant amount of basaltic melt was removed from protogranular harzburgites. Fifteen to 25 wt % melting
Origin and evolution of Kerguelen mantle
of Kerguelen protogranular harzburgite was estimated xenoliths by Grégoire et al. (1997) . This result is consistent with
Partial melting characteristics
the presence of clinopyroxene in even the most depleted protogranular harzburgites (Elthon, 1993) . Kerguelen Both types of clinopyroxene-bearing harzburgites and the clinopyroxene-poor lherzolite display features of mantle xenoliths lack the LREE-depleted patterns of JOURNAL OF PETROLOGY VOLUME 41 NUMBER 4 APRIL 2000 & Sun (1995) . Β, sample BOB-93-666; Χ sample OB-93-58; Φ, sample OB-93-426; Ε, sample OB-93-279; Μ, sample OB-93-67b. In primitive mantle-normalized trace element plots, the sequence of elements is related to their decreasing incompatibility during partial melting of upper-mantle peridotites (Sun & McDonough, 1989 ).
Fig. 2. Primitive mantle-normalized REE and incompatible trace element patterns for whole rock (a,b) and clinopyroxene (c,d) from Kerguelen protogranular harzburgite samples. Normalizing values after McDonough
mantle peridotites from oceanic settings (e.g. abyssal closely resemble those of alkaline cumulate rocks and peridotites, Johnson et al., 1990 ; Hawaiian peridotites, peridotite infiltrated by alkaline silicate melts (Bodinier Sen et al., 1993; Yang et al., 1998 ) that result from a et Fabriès et al., 1989; Xu et al., 1998) . The simple residue model. difference between the two types of REE patterns can be explained by a chromatographic effect (Navon & Stolper, 1987; Bodinier et al., 1988) .
Metasomatic characteristics
The presence of phlogopite ± amphibole and the The consistent enrichment of highly incompatible trace major and trace element compositions of minerals and elements in the harzburgites and clinopyroxene-poor bulk rocks preclude an origin for Kerguelen dunite as lherzolite requires metasomatic reactions [see also Hassler single residues of partial melting processes [see also & Shimizu (1998) ]. In addition to incompatible trace Grégoire et al. (1997) ]. Furthermore, minerals in most of element enrichment, poikilitic peridotite samples display phlogopite-bearing dunite samples display incompatible lower bulk-rock and mineral mg-numbers than those of trace element characteristics similar to those of poikilitic protogranular harzburgite, and contain Na-, Cr-, Al-and Mg-augite-bearing harzburgite (except for the phlogopite Ti-rich magnesian augite, ± phlogopite and amphibole.
+ amphibole-bearing dunite sample). U-shaped patterns similar to those of protogranular harzTo assess the nature of the metasomatic agents we burgite samples are found in metasomatized refractory calculated melt compositions in equilibrium with clinomantle spinel peridotites, both as xenoliths entrained in pyroxene in poikilitic harzburgite, clinopyroxene-poor alkali basalts (Downes & Dupuy, 1987; Siena et al., 1991;  lherzolite and dunite. We used two sets of clinopyroxeneXu et al., 1998) and in orogenic lherzolite massifs (Bodinier melt partition coefficients to assess the possible effect of et Downes et al., 1991) . The LREE-enriched the range of these values on the results. The first set or upward convex REE patterns of both bulk-rock samples and clinopyroxene from the poikilitic harzburgite is average D cpx/sil = D clinopyroxene/mafic silicate melts , with most elements from the compilation of Chazot et al. (1996) , calculated with D cpx/carb ; Fig. 6 ). The two calculated melt compositions for amphibole + phlogopite-bearing dunite the value for Ti from Hart & Dunn (1993) and the value for Ta from Chalot-Prat & Boullier (1997) . The other sample MG-91-143 are similar. Both are depleted in Nb, Ta, Zr, Hf and Ti (Figs 6 and 7; see Hauri et al., 1993 ; set of coefficients is D cpx/carb = D clinopyroxene/carbonatitic melts , with most elements from Klemme et al. (1995) , except for the Chazot et al., 1994; Baker et al., 1998) .
Model melt compositions for poikilitic harzburgite, value for Rb, from Green et al. (1992) .
Melts display trace element contents 10-5000 times clinopyroxene-poor lherzolite and phlogopite-, clinopyroxene-bearing dunite suggest that all these rocks could those of the primitive mantle (except for Ti, Ta and Zr have been in equilibrium with a CO 2 -rich silicate melt affinities' are found in the Kerguelen Islands (Leyrit, 1992; Moine, 2000) . (Figs 6 and 7) . However, the high field strength element (HFSE) contents of the model melt depend on the par-
Mantle history of the Kerguelen xenoliths
tition coefficient dataset. Using the D cpx/carb we obtained an equilibrium melt poor in HFSE, but not as HFSE The origin and evolution of the two types of Kerguelen poor as melt in equilibrium with sample MG-91-143 clinopyroxene-bearing harzburgites and clinopyroxene- (Fig. 7) . However, D cpx/sil values yield model melts that poor lherzolite can be summarized in two main steps, are relatively undepleted in Nb, Zr and Hf, and only namely, early partial melting (15-25%, Grégoire et al., slightly depleted in Ti. The calculated equilibrium melt 1997) followed by metasomatism as a result of percolation for D cpx/sil resembles that of ultramafic and alkaline lam-of highly alkaline silicate melts into the previously deprophyre in its incompatible trace element composition pleted upper mantle. The metasomatism is cryptic in but not that of carbonatites (Fig. 7) . The equilibrium protogranular harzburgite and probably related to the melts calculated with D cpx/carb have geochemical signatures percolation of a small volume of melt into the proconsistent with either carbonatite or ultramafic and togranular harzburgite, because it is manifested only alkaline lamprophyre (Fig. 7) .
in a slight enrichment in the most incompatible trace In summary, the amphibole + phlogopite dunite (MG-elements. The metasomatism is modal in poikilitic harz-91-143) probably was metasomatized by a CO 2 -rich burgite and clinopyroxene-poor lherzolite, because insilicate melt. The poikilitic harzburgite, clinopyroxene-compatible trace enrichment is accompanied by poor lherzolite and phlogopite-bearing dunite samples crystallization of Mg-augite ± phlogopite ± amphibole. probably were metasomatized by highly alkaline mafic Some harzburgite samples display evidence of a later silicate melts. Such magmas have been already described discrete metasomatic event evidenced by the crysfrom oceanic settings (Yagi et al., 1975; Nixon et al. , tallization of feldspar + olivine + rutile + ilmenite + armalcolite + chromite paragenesis. 1980; Rock, 1987) , and young dykes with 'lamprophyric The origin of clinopyroxene + phlogopite ± am-1997); (3) not all Kerguelen dunite is similar to Type II Kerguelen xenoliths (peridotites, pyroxenites and mephibole-bearing dunite is not clear. The dunite may tagabbros), which are high-pressure cumulates from the represent a high-pressure cumulate of basaltic magma, tholeiitic-transitional and alkaline magmatic series of the as has been suggested for Hawaiian dunites (Sen, 1987;  archipelago (Grégoire, 1994; Grégoire et al., 1997 Grégoire et al., , 1998 ). Clague, 1988) , which was later metasomatized by highly
The reaction of mantle harzburgite with basaltic melts alkaline silicate melts or carbonate-rich melts. Alto form dunite, together with a large volume of basaltic ternatively, anhydrous dunite may have formed by a intrusions at the crust-mantle boundary, may explain reaction between harzburgites and basaltic melts that led the very low MgO contents (typically 4-5%) of Kerguelen to the dissolution of orthopyroxene and crystallization of basalts that lack primary mantle-melt compositions (Gautolivine (Grégoire et al., 1997) , and then been meier et al., 1990; Weis & Frey, 1996; Grégoire et al., 1998 ; tasomatized by highly alkaline silicate melts or carbonate- Yang et al., 1998) . rich melts that produced clinopyroxene + phlogopite or clinopyroxene + phlogopite + amphibole.
We favour the second hypothesis because: (1) the studied dunites display Ni, Sc and V contents similar to Trace element partition coefficients those of harzburgites; (2) in composite xenoliths, dunite
Mineral-pair partition coefficients
hosts magmatic veins that show affinities with the tholeiitic-transitional and alkaline magmatic series from the Our comprehensive set of trace element data for mantle peridotites allows us to determine partition coefficients Kerguelen archipelago (Grégoire, 1994; for a wide range of elements in mantle clinopyroxene, and spinel inclusions in poikilitic cpx; (3) the high Fe 2 O 3 and TiO 2 contents of spinel; (4) the higher Na 2 O, Al 2 O 3 , orthopyroxene, olivine, spinel, amphibole and phlogopite. To establish meaningful intermineral partition TiO 2 and incompatible trace element contents of orthopyroxenes relative to protogranular orthopyroxenes; coefficients, chemical equilibrium is required. The protogranular, clinopyroxene-bearing harzburgite samples (5) the low mg-number of olivine. In dunite sample MG-91-143, amphibole has replaced interstitial clinopyroxene display mg-number in olivine < mg-number in orthopyroxene < mg-number in clinopyroxene, as do numerous in a reaction relationship. Therefore, we calculated mineral-partition coefficients only for mineral pairs that Type I mantle peridotites that represent equilibrium phase assemblages (e.g. Frey & Prinz, 1978; Brown et al., crystallized from the same metasomatic agent: phlogopite-clinopyroxene in harzburgite and phlogopite-1980; Grégoire, 1994) . The protogranular harzburgite samples are cryptically metasomatized but their mineral bearing, amphibole-free dunite samples, and amphiboleclinopyroxene and amphibole-phlogopite in the poikilitic compositions do not vary within or between grains (Gré-goire, 1994; Grégoire et al., 1997) . This indicates major harzburgite sample OB-93-5.
Partition coefficients (D) for trace elements in orelement equilibration. We therefore assumed trace element equilibration and calculated two-mineral partition thopyroxene and clinopyroxene pairs from protogranular harzburgite are <1 (Table 10 ) except for Co (2·53) and coefficients for ol-opx, ol-cpx, opx-cpx, sp-ol, sp-opx and sp-cpx in these rocks.
Ni (1·99). Values for other REE are two or three times those for La and Ce (Table 10 ). The greatest D values Poikilitic cpx-bearing harzburgite, clinopyroxene-poor lherzolite and dunite were modally metasomatized. This for incompatible trace elements are for Rb, Ba, Ti and Zr (Table 10) . Our D values are much larger than those is evidenced by: (1) the addition of clinopyroxene ± phlogopite ± amphibole; (2) reaction of orthopyroxene of Eggins et al. (1998) . However, many interelement . This may Average partition coefficients between phlogopite and reflect a difference in the composition of clinopyroxene. In clinopyroxene for poikilitic harzburgite, phlogopiteour samples, it is a Cr-diopside that is poor in in-bearing dunite and amphibole + phlogopite-bearing compatible trace elements, whereas Eggins et al. studied dunite show that phlogopite strongly concentrates Ba, an Mg-rich augite that contains significant amounts of Rb, Nb, Ta, Co, Ni and Ti, and perhaps Pb, but incompatible trace elements [compare Tables 2 and 8 incorporates lesser amounts of REE and Y, Zr and of this study with table 1 of Eggins et al. (1998) ]. Spinel Hf relative to clinopyroxene (Table 11 , Fig. 8b ). Values strongly concentrates V and HFSE (Nb, Ta, Ti and Zr), of D phl/cpx for poikilitic harzburgite and phlogopiteand has D sp/ol and D sp/opx >1 for many trace elements bearing dunite resemble those found by Ionov et al. (Table 10 ). Ni is partitioned preferentially into olivine (1997). but Co seems to be preferentially incorporated into spinel Partition coefficients between phlogopite and am-(D sp/ol = 1·92).
phibole indicate that phlogopite is enriched in Co, Ni, Partition coefficients between amphibole and clino-Rb, Ba, Pb, Nb, Ta and Ti relative to amphibole pyroxene range from 0·45 to 3, except for Rb, Ba, Nb, (Table 11 ). Other trace elements are preferentially Ta and Ti (Table 11 and Fig. 8a ). Our results for Rb, incorporated into amphibole, except for V, which is Ba, Sr, Pb, U, Nb, Ti, Zr, La, Ce, Er, Yb and Lu agree equally partitioned between the two (Fig. 8c) . Our with literature values, except that our D for Th is larger, results for Ti, Rb, Sr and Ba agree with those from and those of Hf and most REE (Nd to Ho) are smaller the literature except that our D Zr is slightly larger and our D Nb is >1 (Table 11 ). (Table 11 and Fig. 8a ). 
Ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel. (Green, 1994; Johnson, 1998) , and others have provided Ionov et al., 1997 Ionov et al. (1997; D 0·0006) but values for other REE are systematically larger (Table 12 and Appendix). The experimental data of La Tourrette et al. (1995) for La and Nd, and the measured data of Foley et al. (1996) for Ce, are larger than our values. The partition coefficients between phlogopite from sample MG-91-143 and carbonatitic melt indicate that Rb (and probably Ba), Nb, Ta and Ti behave as compatible elements in this chemical system and that phlogopite is a good residence site for those trace elements (Table 12) . D values for Zr and Hf are less than those for basic silicate melt. The D values for REE progressively increase from LREE to HREE.
The calculated partition coefficients between amphibole and mafic silicate melt are given in Table 12 . Ba and Ti are concentrated in amphibole relative to melt; other trace elements display D values ranging from 0·010 (U) to 0·44 (Rb). The D values for REE increase from La to Eu with nearly constant values from Gd to Lu. The same trend has been observed by Chazot et al. (1996) . Zr and Hf have similar partition coefficients but those for Ta are less than those for Nb (Table 12) . D values for Pb are larger than those for Th and U. D values for Ba and Th are close to values proposed by Chazot et al. (1996) Chazot et al. (1996) and Witt-Eickschen & Harte (1994) but D values for MREE are smaller (Table  12) . Although D values for Sr and Hf are less than literature values, those for Zr and Nb are similar to those obtained by Adam et al. (1993) , Dalpe & Baker (1994) , Witt-Eickschen & Harte (1994) , Brenan et al. (1995 ), La Tourrette et al. (1995 , Chazot et al. (1996) and Ionov et al. (1997) .
Trace element residence sites can be used to calculate whole-rock compositions for 1994; Β, Vannucci et al., 1995; Α, Ionov et al., 1997 ; oblique cross, comparison with the whole-rock analyses, to evaluate cross, Stosch & Lugmair, 1986 ; double cross, mass balance and the proportions of elements that reside Zanetti et al., 1996. in constituent minerals.
The clinopyroxene-poor lherzolite JGM-92-1c and the the GERM partition coefficient compilation (http:// phlogopite-bearing-dunite MM-94-54 have incompatible www-ep.es.llnl.gov/germ/partitioning.html).
trace element bulk-rock contents that can be easily exOur estimates of phlogopite-mafic silicate melt par-plained by their constituent minerals, but all other tition coefficient for Rb, Ba, Th, U, Nb, Ta and Pb samples display significant discrepancies between cal- (Table 12) are larger than other published data (La culated and measured bulk-rock trace element com- Tourette et al., 1995; Foley et al., 1996; Ionov et al., 1997; positions (Figs 9 and 10) . Discrepancies are evident for see Appendix). Values for Sr are smaller and those for Rb, Ba, Sr, Nb, Ta, Zr, Hf, Th, U, Pb and LREE; Ti (Table 12 ) are similar to those of Ionov et al. (1997) . the MREE, HREE and transition trace elements are Our D Rb phl/sil agrees with the value of 8·2 calculated by generally concordant. Samples that deviate from calculated trace element compositions contain veins and Ionov et al. (1997) . The D value for Ce agrees with that . However, harz-and Eggins et al. (1998) ]. These observations are consistent with those of Rosenbaum et al. (1996) , who argued that burgite samples GM-92-453 and GM-92-502 display rare patches, which contain clinopyroxene ± carbonate ± fluid inclusions will dominate the incompatible element budget of typical mantle peridotite only if present in chromite. Finally, phlogopite-bearing dunite samples GM-92-480 and MM-94-101 display few patches, which greater than sub-weight percent quantities.
Our mass balance calculations estimate the fractional contain clinopyroxene ± amphibole ± biotite ± chromite ± rutile ± carbonate. We therefore conclude that contribution by specific mineral phases to the calculated bulk-rock composition in samples where the calculated metasomatic veins and patches contribute significantly to the Rb, Ba, Sr, Nb, Ta, Zr, Hf, Th, U, Pb and LREE composition is close to the bulk-rock analysis (clinopyroxene-poor lherzolite JGM-92-1c, harzburgite GMcontents of these seven peridotite samples. For example, a significant amount of Sr is probably hosted by feldspar, 92-453 and dunite samples . Clinopyroxene is the dominant host carbonate, phlogopite and amphibole occurring in the metasomatic veins and patches. Therefore, the major of REE, Sr, Y, Zr and Th; opx and olivine host HREE, especially Yb and Lu (Fig. 11) . Olivine, the mineral phases (including the metasomatic phases) can account for the trace element budget without considering dominant mineral phase, is the major host of Ni (and Co) as well as for Pb and Sc. Olivine, when present rocks. In dunite samples, phlogopite is the principal residence site for Rb, Ba, Nb and Ti, but not Zr or in high modal abundances, contributes significantly to bulk-rock Nb, Rb, Ba and Th contents (Fig. 11) , Pb. Spinel hosts significant amounts of V and Ti.
Despite its relatively large D HFSE compared with olivine, despite its very low contents of these elements. Opx in harzburgite and clinopyroxene-poor lherzolite is an clinopyroxene and orthopyroxene, spinel does not contribute much of the bulk-rock budget of Nb, Ta, important host for Sc, Ti, V, Zr, Y, Rb and HREE, again because of its high modal proportion in these Zr and Ti, owing to its small modal abundance. 
SUMMARY AND CONCLUSIONS
guelen archipelago (Schiano et al., 1994; Mattielli, 1996; Mattielli et al., 1999) is probably restricted in its impact. The trace element signatures of mantle xenoliths indicate
The dominant metasomatic agent is the mantle equivalent that pervasive mantle metasomatism by melts with intraplate alkali mafic silicate affinities occurred on a large of highly alkaline silicate magmas that have erupted in 
APPENDIX B
